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A  palladium-based  catalyst  supported  on  chitosan  magnetite  nanoparticles  was  successfully  prepared
by a  facile  one-pot  template-free  method  combined  with  a  metal  adsorption–reduction  procedure.
The  catalyst  was  characterized  by  Fourier  transform  infrared  spectroscopy  (FT-IR),  transmission  elec-
tron  microscope  (TEM),  vibrating  sample  magnetometer  (VSM),  X-ray powder  detection  (XRD),  X-ray





unsaturated  compounds,  a  under  a H2 atmosphere  in  ethanol,  even  at room  temperature.  Furthermore,
it was  found  that  the  catalyst  showed  a high  activity  for the  acetalization  reaction,  affording  over  a  99%
yield in  all the  cases  investigated.  Interestingly,  the  novel  catalyst  could  be  recovered  in  a facile  manner
from  the  reaction  mixture  and  recycled  ﬁve  times  without  any  signiﬁcant  loss  in activity.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.
cetalization
. Introduction
The development of heterogeneous catalysts for ﬁne chemical
ynthesis has become a hot area of research recently [1–4]. This kind
f catalyst exhibits potential advantages (such as simpliﬁed sep-
ration, reusability, the potential for incorporation in continuous
eactors and microreactors). Compared to homogeneous systems,
he heterogeneous catalysts can make a major impact on the envi-
onmental performance of the synthesis [5–10]. Most of these
atalysts are based on inorganics carriers, especially silica. Primar-
ly the silica displays many advantageous properties, for example
igh surface area, good stability. The organic support also can be
nchored to the silica surface, which can provide many catalytic
enters. However, it does have many drawbacks, including difﬁcult
nd expensive to recovery the catalyst from reaction system. And
he inorganic supporter is hard to convert into other forms (ﬁlm,
ar etc.) which can be attached to novel reactors for use in intensive
rocessing applications [11–17].Bio-based polymers exhibit a worldwide attention due to their
otential biomedical applications and had been used as catalyst
arriers chemical reactions [18–20]. As one kind of the widely used
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Open access under CC BY-NC-Nbiopolymers, Chitosan (CS) is natural, nontoxic and reproducible
molecule, which is widely used in many industrial and manufac-
turing processes [21]. It comprises a great quantity of hydroxyl and
amine groups, which can be coordinated with metal ions through
chelate mechanism. The use of chitosan-metal ion complexes has
been researched in the reactions of hydrogenation [22–26], oxi-
dation [27,28], adsorption [29–35], and polymerization [36,37].
Meanwhile magnetite (Fe3O4) nanoparticles with different mor-
phologies show perfect properties due to the distinct properties
generated by various structures [38–42]. As the bridges between
homogeneous and heterogeneous catalysts, the magnetic materi-
als supported catalysts has revealed as a viable solution, whose
insoluble and paramagnetic nature enables easy and efﬁcient sep-
aration of the catalysts from the reaction mixture with an external
magnetic ﬁeld [43–49].
In this paper, the palladium was successfully grafted on the
surface of CS-Fe3O4. The fabrication procedure mainly involves
six steps as shown in Fig. 1 the prepared material could act as a
magnetic-separated catalyst for the acetalization and hydrogena-
tion reactions.
2. Experimental
2.1. MaterialFerric chloride hexahydrate (FeCl3·6H2O, >99%) and ferrous
chloride tetrahydrate (FeCl2·4H2O) were used as iron source, palla-
dium chloride (PdCl2), 85% H3PO4, MoO3 and V2O5, chitosan (with
a deacetylation degree of >95.0%), 3% acetic solution and ethanol
D license.












dFig. 1. Scheme of the synthetic procedure for
ere purchased from Tianjin medical and chemical company. All
ther chemicals were of analytical grade and used as received with-
ut further puriﬁcation. De-ionized water was used throughout the
xperiments.
.2. Synthesis of chitosan coated Fe3O4 (CS-Fe3O4)
In a typical synthesis, 2.00 g of chitosan was dissolved in 3%
cetic solution (100 mL)  in a 500-mL three-necked ﬂask equipped
ith a stirrer and dropping funnel. Then, FeCl3·6H2O (5.00 g) and
eCl2·4H2O (2.00 g) were slowly added into the mixture. The mix-
ure was stirred strongly for 2 h, and then 2 mol/L sodium hydroxide
queous solution was added by dropping into the homogeneous-
ispersed system until the pH increased to 12. The products from
Fig. 2. TEM images of (a) chitosan, (b) CS-Fe3Oreparation of CS-Fe3O4-Pd magnetic catalyst.
this system were magnetized for 20 min  by a magnet. The precip-
itates were washed and diluted to neutrality by deionized water.
The powder of CS-Fe3O4 was  obtained by air drying.
2.3. Incorporation of palladium onto chitosan coated Fe3O4
(CS-Fe3O4-Pd)
CS-Fe3O4-Pd was  prepared by mixing the CS-Fe3O4 (1.00 g) and
PdCl2 (0.100 g) in ethanol (30 mL)  and was  reﬂuxed for 10 h in
a 100 ml  ﬂask with stirrer. The sample CS-Fe3O4-Pd was sepa-
rated by magnet and washed by ethanol and then dried at room
temperature. The weight percentage of Pd in the CS-Fe3O4-Pd, as
determined by inductively coupled plasma (ICP) on IRIS Advantage
analyzer, was 7.49 wt%.
4, (c) CS-Fe3O4-Pd and (d) CS-Fe3O4-Pd.
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Fig. 3. XRD patterns of (a) CS-Fe3O4 and (b) CS-Fe3O4-Pd.
Fig. 4. XPS spectrum of the elemental survey scan of Fe3O4-NH2-Pd.
Fig. 5. XPS spectrum of the Fe3O4-NH2-Pd showing Pd 3d5/2 and Pd 3d3/2 binding
energies.Fig. 6. FT-IR spectra of (a) CS-Fe3O4 and (b) CS-Fe3O4-Pd.
2.4. Reduction the catalyst (CS-Fe3O4-Pd (0))
CS-Fe3O4-Pd (0) was  prepared by mixing the CS-Fe3O4-Pd (II)
(1.00 g) and NaBH4 solution (catalyst: NaBH4 = 1:5) in ethanol
(30 ml)  and was  reﬂuxed for 2 h in a 100 ml  ﬂask with stirrer. The
ﬁnal catalyst was ﬁltered out and washed by ethanol three times,
then dried in vacuum at 50 ◦C.
2.5. Synthesis of H5PMo10V2O40
To a solution of MoO3 (4.318 g) in water (70 ml)  was added
V2O5 (0.5456) in water (10 ml). To the resulting solution was added
85% H3PO4 (0.205 ml)  and the mixture was  heated to 100 ◦C under
stirring for 24 h. The H5PMo10V2O40 was puriﬁed by the recrys-
tallization from water and dried in vacuo with heating at about
50 ◦C.
2.6. CS-Fe3O4-Pd catalyst for hydrogenation reactionIn the typical experiment, 1 mmol  of the reagent was dissolved
in 5 mL  ethanol with 10 mg  of catalyst under a H2 atmosphere.
The reaction process was monitored by thin layer chromatography
Fig. 7. Room temperature magnetization curves of (a) CS-Fe3O4 and (b) CS-Fe3O4-
Pd.
J. Zhou et al. / Applied Surface Science 279 (2013) 360– 366 363
Table 1
Hydrogenation of different substrates using CS-Fe3O4-Pd as the catalyst.a
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a Reaction conditions: 10 mg  catalyst: 1 atm H2; 1 mmol  substrate; 5 ml  solvent at room temperature.







cc Hydrogenation with 10 mg  of 10% Pd/C.
TLC). After the reaction, the catalyst was separated by a small
agnet placed at the bottom of the reaction vessel, and the
onversion was estimated by GC (P.E. Auto System XL) or GC-MS
Agilent 6,890N/5,973N). Thereafter, the catalyst was  washed
hree times with ethanol and dried at room temperature for the
ext cycle. The catalytic reactions were repeated, and even after 7
ycles, there was no deterioration in the catalytic efﬁciency.2.7. CS-Fe3O4-Pd catalyst for the acetalization reaction
For acetalization reactions, 2 mmol  of the acrylonitrile, 0.5 mmol
methylsulphonic acid, 30 mg  H5PMo10V2O40 and 1 mmol of
chlorobenzene were taken into 5 ml  ethanol. The amount of cat-
alyst used in each reaction was 100 mg  under O2, and the reaction
temperature was 60 ◦C. The reaction process was monitored by thin
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Table 2












1 CN CH3CH2 4 >99 99
CN  CH3CH2 4 Traceb –
96c 99c
2 COOCH3 CH3CH2 4 98 99
3  COOCH2CH3 CH3CH2 4 98 99
4  COO(CH2)3CH3 CH3CH2 4 >99 99
5  COOH CH3CH2 4 98 87
6  C6H5 CH3CH2 4 89 >99
7
CH3
CH3CH2 4 86 >99
8  CN 4 95 90
9  CN (CH3)2CH 4 >99 80




























va Reaction conditions: 100 mg  catalyst; 2 mmol  substrate; 30 mg  H5PMo10V2O40;
b the reaction with 100 mg  10% Pd/C.
c Yield after 5 runs.
ayer chromatography (TLC). After completion of the reaction, the
ixture was cooled to room temperature, separated by magnetic
ecantation, the resultant residual mixture was subjected to GC
nalysis. Yields were calculated against the consumption of the
crylonitrile. After the ﬁrst cycle of the reaction, the catalyst was
ecovered with the help of magnet, successively rinsed with dis-
illed water and ethanol, and dried at room temperature ready for
he next cycle.
. Result and discussion
.1. Characterization
FT-IR spectra were recorded on a Nicolet NEXUS 670 FTIR
pectrometer with a DTGS detector, and samples were measured
ith KBr pellets. XRD measurements were performed on a Rigaku
/max-2400 diffractometer using Cu-K radiation as the X-ray
ource in the 2 range of 10–80◦. The size and morphology of the
agnetic nanoparticles were observed by a Tecnai G2 F30 trans-
ission electron microscopy and samples were obtained by placing
 drop of a colloidal solution onto a copper grid and evaporating
he solvent in air at room temperature. Magnetic measurements of
S-Fe3O4-Pd were investigated with a Quantum Design vibrating
ample magnetometer (VSM) at room temperature in an applied
agnetic ﬁeld sweeping from −15 to 15 kOe.
As can be seen the average diameter of the chitosan was  about
00 nm from Fig. 2a and the Fe3O4 nanoparticles’ diameter was
bout 7–12 nm from Fig. 2b. In Fig. 2b the CS molecule did not
hange the shape, and the dispersion of the ferriferous oxide was
ery well. Fig. 2c and d demonstrated that the palladium particle
ize distribution was centered at about 7.2 nm and the palladium
articles were dispersed onto the CS-Fe3O4 support.
Another evidence of palladium particles on CS-Fe3O4 is provided
ia X-ray powder diffraction analysis (XRD). The XRD pattern ofthanol; O2 2.0 Mpa; 60 ◦C; 1 mmol chlorobenzene.
CS-Fe3O4 shows characteristic peaks of magnetite nanoparticles,
and the sharp and strong peaks demonstrate the products are well
crystallized. Fig. 3 indicates the XRD patterns of the samples. Com-
pared with the XRD patterns of the superaramagnetic support, the
reﬂection peaks of 1 1 1, 2 0 0, 2 2 0 and 3 1 1 for face-centered cubic
Pd nanocrystals were observed. The result from XRD indicates that
the Pd nanoparticles have been successfully immobilized onto the
surface of the magnetic nanoparticles, which is well in agreement
with that observed from TEM. The peak at 2 = 21.4◦ implies that
the chitosan is crystal polymer.
Fig. 4 shows the XPS spectrum of the synthesized CS-Fe3O4-Pd
catalyst. Peaks corresponding to oxygen, carbon, nitrogen, palla-
dium, and iron are observed. However, typical peaks of Pd elements
are not obviously found. This indicates that Pd particles have been
coordinated with chitosan molecular. To ascertain the oxidation
state of the Pd, X-ray photoelectron spectroscopy (XPS) studies
were carried out.
In Fig. 5, the Pd binding energy of CS-Fe3O4-Pd exhibits two
strong peaks centered at 338.3 and 330.9 eV, which are assigned to
Pd 3d3/2 and Pd 3d5/2, respectively. On the basis of above analysis,
it can be concluded that the XPS data further identiﬁed the hollow
mesoporous structure of the synthesized CS-Fe3O4-Pd.
The Fourier transform infrared (FT-IR) spectra of CS-Fe3O4 and
CS-Fe3O4-Pd were measured. The major peaks for the palladium-
based catalyst in Fig. 6 can be assigned as follows: 3427 cm−1
(N H stretching vibration and OH stretching vibration), and
609 cm−1 (Fe O Fe stretching vibration). The 3427 cm−1 peak
becomes sharp, the NH2 peak becomes stronger and sharper.
The peaks at 1074, 1300, 1606, 2843–2922 cm−1 correspond to
C OH, C N, N H, and C H stretching models of the chitosan
molecules, respectively. The IR spectrum of the Palladium-based
catalyst demonstrates that NH2 and OH coordination with metal
Pd.
Magnetization curves reveal the superparamagnetic behavior of
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S-Fe3O4-Pd are shown in Fig. 7. It can be seen that the magnetic
aturation values of these are 15.54 and 12.17 emu/g, respectively.
he decrease of the saturation magnetization suggests the pres-
nce of some palladium particles on the surface of the magnetic
upports. Even with this reduction in the saturation magnetiza-
ion, the catalyst still can be efﬁciently separated easily from the
olution with the help of an external magnetic force.
.2. Catalyst for hydrogenation reactions
Initially, the catalytic activity of CS-Fe3O4-Pd was tested for the
ydrogenation of a variety of aromatic nitro and unsaturated com-
ounds to their corresponding products. The reactions were carried
ut in ethanol at room temperature and under 1 atm pressure of
2. The dates of all the reactions are shown in Table 1. We  found
hat the catalyst was active for the hydrogenation reaction under
ild conditions, since the amine groups are known to enhance
he catalytic activity of Pd [50]. The hydrogenation reaction could
e completed within 30 min, except for 4-Nitrophenyl-acetonltrile
Tab1 Entry 5) and Acrylamid (Tab 1 Entry 12), which required for
ore than 50 min. This is maybe due to the CN and CONH2
s strong electron-withdrawing group. The CS-Fe3O4-Pd catalyst,
ith a Pd content of 0.7 mol%, afforded a fast conversion of the aro-
atic nitro compounds to the corresponding products under mild
onditions. The catalyst can be reused seven times. The recyclabil-
ty of the catalyst can be attributed to the efﬁcient stabilization of
he active Pd species by the amine groups on the chitosan molecule.
On the contrary, commercial 10% Pd/C was used to this reaction.
t required at least 140 min  to complete the reaction. The CS-Fe3O4-
d completed the reaction within 30 min  with a low Pd loading
nder similar experimental conditions.
.3. Catalyst testing for the acetalization reaction
Its activity was also tested for the acetalization reaction. Table 2
isplays the results of the acetalization reaction of acrylonitrile and
ther substrate. The catalyst activity was high for the acetalization
eaction, when using ethanol and acrylonitrile as substrates, the
eaction afforded almost 100% yield and 100% selectivity. The selec-
ivity decreased when the substrate was acrylic acid (Table 2 Entry
), the COOH group may  react with OH. When using phenethyl
lcohol or isopropanol as substrate (Table 2 Entry 8 and 9), the reac-
ion selectivity was decreased. The R1 = C6H5 or R = C6H4 CH3(o),
he afforded 89% and 86% yield, the reason maybe that the rela-
ively large steric hindrance. From the Table 2 entry 1, it can be
een that the catalyst was more active than 10% Pd/C. Above all,
he results tell us that electro-withdrawing substituents enhance
he acetalization reaction product. The catalyst was  recycled in the
cetalization reaction with acrylonitrile. It is worth noting that the
atalyst showed almost complete conversion and 98% yield was
chieved after 5 times.
. Conclusions
In this work, a nanosized CS-Fe3O4-Pd catalyst with high
agnetic responsivity and excellent dispersibility was prepared
hrough a facile one-pot combined with a metal adsorption proce-
ure. The catalyst showed highly activity for acetalization reaction
nd hydrogenation reaction, meanwhile, the selectivity of the
cetalization reaction was very high. In this system, the novel
agnetite nanomaterials play important roles, one is in increas-ng the stability of the catalyst; the second in immobilizing Pd by
eans of coordination because of the chitosan molecules, amine
nd hydroxyl groups; the last is the selectivity in the acetalization
eaction, which are almost >99%.
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